The establishment of cell-cell contacts between presynaptic GABAergic neurons and their postsynaptic targets initiates the process of GABAergic synapse formation. GABA A receptors (GABA A Rs), the main postsynaptic receptors for GABA, have been recently demonstrated to act as synaptogenic proteins that can single-handedly induce the formation and functional maturation of inhibitory synapses. To establish how the subunit composition of GABA A Rs influences their ability to induce synaptogenesis, a co-culture model system incorporating GABAergic medium spiny neurons and the HEK293 cells, stably expressing different combinations of receptor subunits, was developed. Analyses of HEK293 cell innervation by medium spiny neuron axons using immunocytochemistry, activity-dependent labeling, and electrophysiology have indicated that the ␥2 subunit is required for the formation of active synapses and that its effects are influenced by the type of ␣/␤ subunits incorporated into the functional receptor. To further characterize this process, the large N-terminal extracellular domains (ECDs) of ␣1, ␣2, ␤2, and ␥2 subunits were purified using the baculovirus/Sf9 cell system. When these proteins were applied to the co-cultures of MSNs and ␣1/␤2/␥2-expressing HEK293 cells, the ␣1, ␤2, or ␥2 ECD each caused a significant reduction in contact formation, in contrast to the ␣2 ECD, which had no effect. Together, our experiments indicate that the structural role of GABA A Rs in synaptic contact formation is determined by their subunit composition, with the N-terminal ECDs of each of the subunits directly participating in interactions between the presynaptic and postsynaptic elements, suggesting the these interactions are multivalent and specific. . 3 The abbreviations used are: GABA A R, GABA A receptor; MSN, medium spiny neuron; ECD, extracellular domain; VGAT, vesicular GABA transporter; IQR, interquartile range; DIC, differential interference contrast; PFA, paraformaldehyde; EGFP, enhanced GFP; sIPSC, spontaneous inhibitory synaptic current; DIV, days in vitro.
GABA A receptors (GABA A Rs) 3 represent a large and diverse family of Cl/HCO 3 -permeable ion channels that mediate syn-aptic inhibition at the majority of inhibitory synapses in the brain (1) (2) (3) (4) . As such, GABA A R are essential for normal functioning of the brain, and their malfunction has been directly linked to a number of neurological and psychiatric disorders (5) (6) (7) .
The structural diversity of these receptors has long been recognized as a key factor in determining the range of functional and pharmacological properties they display. Native GABA A Rs are hetero-pentamers of subunits that have multiple isoforms and are classified as follows: ␣(1-6), ␤(1-3), ␥(1-3), ␦, ⑀, , and
(2), with a common transmembrane topology comprising a large N-terminal extracellular domain, four transmembrane domains, and a major intracellular domain between transmembrane domains 3 and 4 (4, 8) . The ␤3 and ␥2 subunits are essential for synaptic inhibition and organism survival because mice bearing genetic deletion of these subunits die after birth (9, 10) , while the individual isoforms of ␣ subunit are associated with specific functions, such as anxiety, sedation, arousal, and others (11) (12) (13) .
Synaptic GABA A Rs contain a ␥2 subunit, two ␤ subunits (␤2 or ␤3), and two ␣ subunits (␣1, ␣2, ␣3 or ␣5) (14, 15) . Although the ␤-subunits play a role in subcellular localization of GABA A Rs to axons, dendrites, or soma and insertion into the plasma membrane (16, 17) , the presence of the ␥2 subunit determines their localization to synaptic contacts. Different isoforms of ␣ subunits appear, however, to be expressed more selectively at specific types of inhibitory synapses (3, 18, 19) .
GABAergic synapse development is a precisely coordinated process that allows selective association between certain types of inhibitory axons and their postsynaptic targets, including the class of GABA A Rs that are clustered at the postsynaptic membrane (18, 20 -22) . This raises a question as to how the pre-and post-synaptic partners are recognized during the initiation of synaptic contacts. This question remains largely unanswered due to the complexity and bi-directional nature of trans-synaptic signaling between the pre-and post-synaptic elements in vivo (23) (24) (25) (26) . However, various in vitro heterologous co-culture assays have been successfully applied to study these mechanisms and to test the role of individual molecules in synapse formation, revealing the role of adhesion proteins, such as NCAM and cadherins, and trans-synaptic protein complexes, such as those formed by neuroligins and neurexins (27) (28) (29) (30) (31) (32) . In addition, we have recently demonstrated that the GABA A Rs themselves act as synaptogenic proteins that can induce the formation and functional maturation of inhibitory synapses using a co-culture model system incorporating the GABAergic MSNs and HEK293 cells expressing these receptors at the cell surface (33) . These synapses are stable and show the ultrastructural characteristics typical of active synapses, and in functional experiments, they support spontaneous and action potentialdriven postsynaptic GABAergic currents. This indicates that GABA A Rs participate in the formation of inhibitory synapses as structural proteins in addition to being the essential functional components that mediate synaptic inhibition as GABA-gated ion channels.
Specific localization of different classes of GABA A receptors to distinct inhibitory synapses was also observed in the striatum and globus pallidus of the basal ganglia (34 -36) . These regions are primarily (ϳ95%) populated by GABAergic medium spiny neurons (MSNs) (37) , the main projection neurons that form direct output pathways to the brainstem, to control motor function, and to the thalamus and cortex, to regulate behavior, emotions, and cognition (38, 39) . MSNs form a finely tuned network of inhibitory connections within and between the striatum and globus pallidus (40) with ␣2/␤3/␥2-GABA A receptors being predominantly expressed in the former and ␣1/␤2/␥2-GABA A receptors in the latter region (34) . Although striatal MSNs themselves are predominantly innervated by striatal GABAergic interneurons, their axonal projections target the MSNs in the globus pallidus and form synapses which incorporate predominantly the ␣1/␤2/␥2-GABA A Rs. Similarly, the pallidal MSNs form synapses that target neurons outside of the basal ganglia, which also predominantly incorporate the ␣1/␤2/␥2-GABA A receptors (35, 41) . These data collectively identify the ␣1/␤2/␥2and ␣2/␤3/␥2-GABA A Rs as the most abundant and functionally important receptor subtypes in the basal ganglia.
To investigate further the structural role of GABA A R in synapse formation, we have generated new HEK293 cell lines stably expressing specific subunit combinations that were subsequently co-cultured with striatal MSNs. Analyses of the innervation of these cells by MSN axons have indicated that the presence of the ␥2 subunit is necessary but not sufficient for a rapid formation of active synaptic contacts. The "synaptogenic" effects of this subunit are influenced by the type of ␣ and ␤ subunits present in the receptor pentamer, with the ␣1/␤2/␥2-GABA A receptor representing the most potent combination and the ␣2/␤3/␥2-GABA A receptor showing very little or no activity. Our experiments have also indicated that the large N-terminal ECDs of GABA A R subunits are directly involved in contact formation. Although the presynaptic binding partners of GABA A Rs remain to be identified, our results suggest that multiple interactions involving all of the subunits incorporated into the receptor pentamer are likely to contribute to the formation of GABAergic synapses.
Experimental Procedures
Primary Neuronal Cultures-Timed-pregnant BALB/c mice (Harlan, UK; the number of pregnant females used was ϳ30) were housed and sacrificed according to United Kingdom Home Office guidelines (and European Communities Council Directive of 24 November, 1986 (86/609/EEC)). The project was formally approved by the UCL School of Pharmacy Ethics Committee.
Primary cultures of MSNs were prepared as described previously (42, 43) . Striata were dissected from embryonic day 16 -17 (E16 -17) mouse embryos, dissociated by trituration in Ca 2ϩ -and Mg 2ϩ -free HEPES-buffered saline solution (HBSS; catalog no. 14180-046, Gibco), and plated at a density of 60,000 cells per well in Neurobasal medium (catalog no. 21103-049, Gibco) containing B27 supplement (catalog no. 17504-044, Gibco), glutamine (2 mM; catalog no. 25030-024, Gibco), penicillin (50 units/ml; catalog no. 15070-63, Gibco), streptomycin (50 g/ml; 15070-063, Gibco), and glucose (6 mM; catalog no. G8769, Sigma) on poly-L-lysine-(0.1 mg/ml; catalog no. P6282, Sigma), and laminin-coated (0.01 mg/ml; catalog no. L2020, Sigma) glass coverslips (13 mm in diameter; catalog no. 631-0150, VWR International). Cultures were maintained in a humidified 37°C/5% CO 2 incubator for 14 days prior to experimentation.
Preparation of Stable HEK293 Cell Lines-HEK293 cells (2 ϫ 10 6 ) were transfected using Lipofectamine LTX (catalog no. 15338-100, Invitrogen) with different mouse GABA A R subunit cDNAs as follows: ␣1 or ␣2 pcDNA3.1 (ϩ) , incorporating the G418 disulfate (neomycin; catalog no. G5013, Sigma) resistance gene and ␤2 or ␤3 pcDNA3.1 (ϩ) , incorporating the Zeocin resistance gene (catalog no. R25001 Gibco). Briefly, Opti-MEM I (500 l, 11058-021 Gibco) was combined with each ␣/␤ cDNA construct (7.5 g per construct) and Plus Reagent (15 l, 15338-100 Invitrogen) and incubated at room temperature for 5 min. Subsequently, Lipofectamine LTX (8.75 l, catalog no. 15338-100, Invitrogen) was added to the reaction mixture and left at room temperature for 30 min. After the addition of cell culture medium (3 ml), the content of the transfection reaction was added to the cells and incubated for 48 h at 37°C. Cells were washed with PBS and re-plated at the ratios of 1:3, 1:5, 1:7, 1:10, 1:15, and 1:20, into new sterile 10-cm culture dishes for 24 h. Cells were selected with G418 (800 g/ml; neomycin; catalog no. G5013, Sigma) and Zeocin antibiotics (800 g/ml; catalog no. R25001, Gibco) and incubated at 37°C until colonies formed. After 7 days, ϳ5-20 single colonies were selected and gradually scaled up from a 24-well plate to a 6-well culture plate, a 60-mm plate, a 10-cm plate and finally to a cell culture (T-75) flask. Immunoblotting and immunocytochemistry were used to characterize the expression of GABA A R subunits.
Co-cultures of MSNs and HEK293 Cells-HEK293 cells were plated at a density of 3 ϫ 10 5 cells per well in a 6-well plate and the following day transiently transfected with mCherry alone (200 ng; mCherry-N1 Mammalian Expression Vector, catalog no. P632523, Invitrogen) or in combination with GABA A R ␥2 subunit cDNA (200 ng plus 800 ng of ␥2 pcDNA TM 3.1 (ϩ) Mammalian Expression Vector, catalog no. V870-20, Invitrogen) using Effectene reagent (catalog no. 301425, Qiagen). The efficiency of transient transfection with both mCherry and ␥2 cDNA was 60 -70%. Cells were trypsinized (catalog no. 25300-054, Gibco) 24 h post-transfection and added to cultures of MSNs at a density of 30,000 cells/well of a 24-well plate. Co-cultures were fixed after 24 h and synaptic contacts analyzed by immunolabeling and confocal microscopy. In experiments in which the activity of GABA A Rs was suppressed, bicuculline (25 M; catalog no. 0130, Tocris Bioscience) diluted in DMSO, or the equivalent amount of DMSO (the final concentration below 1%), was added within 30 min of plating the HEK293 cells into the co-culture and incubated for 24 h.
Analysis of GABA A R Subunit Expression Using ELISA-To characterize the cell surface and total expression levels of GABA A Rs, HEK293 cells stably expressing different combinations of GABA A R subunits were seeded into sterile 24-well culture plates at a density of 75,000 cells per well. The following day, cells were transfected with mCherry-N1 mammalian expression vector (40 ng; catalog no. P632523, Invitrogen) plus empty pcDNA TM 3.1 (ϩ) mammalian expression vector (160 ng; catalog no. V870-20 Invitrogen; samples were labeled as ␣/␤-HEK293) or mCherry-N1 mammalian expression vector (40 ng) plus ␥2 pcDNA TM 3.1 (ϩ) mammalian expression vector (160 ng; samples labeled as ␣/␤/␥-HEK293) using Effectene reagent (catalog no.301425, Qiagen) and incubated overnight. Following transfection, the cultures were washed with PBS, fixed using 4% paraformaldehyde (catalog no. 158127, Sigma), 4% sucrose (catalog no. 443815S, VWR)/PBS (PFA) for 10 min, and processed as described previously (43) (44) (45) , using the mouse anti-␤2/3 primary antibody (1 g/ml; MAB34, bd17 clone, Merck Millipore) and the secondary anti-mouse IgG conjugated to horseradish peroxidase (HRP) (1:2500; catalog no. 31450, Invitrogen). Controls omitting the primary antibody were used to determine the background levels of peroxidase and nonspecific binding of secondary antibodies. The assay was determined to be linear within the range of 0.5-2 g/ml of the primary antibody in the presence of excess secondary antibody. Values were expressed as mean Ϯ S.D., with individual data points from ␣/␤-HEK293 and ␣/␤/␥-HEK293 samples paired within separate experiments. The statistical analysis was performed using the paired t test (GraphPad Prism 6.0), with p Ͻ 0.05 accepted as statistically significant.
FM4-64FX Uptake-To assess the functionality of synaptic contacts formed in co-culture, the lipophilic dye, FM4-64FX was used (catalog no. F34653, Molecular Probes). In these experiments, HEK293 cells were transfected with a green fluorescent protein (EGFP, pmaxGFP-Amaxa Lonza) instead of mCherry, to avoid cross-activation with FM4-64FX, and used to create the co-cultures as described above. After 23 h, cells were washed twice briefly with buffer A, pH 7.4, containing NaCl (149 mM), KCl (4 mM), CaCl 2 (1.5 mM), MgCl 2 (1.5 mM), glucose (10 mM), and HEPES (10 mM) before being incubated with FM4-64 FX (10 M), diluted in buffer A, for 20 min at 37°C. The FM4-64FX dye was aspirated, and cultures were washed twice briefly with cold buffer A, followed by two 10-min washes with ADVESEP-7 (500 M; catalog no. A3723 Sigma) diluted in cold buffer A, at room temperature to remove excess dye. Finally, cells were washed twice briefly with cold buffer A, before fixation.
Immunocytochemistry-Cells were fixed with 4% PFA for 10 min, washed extensively, and incubated with bovine serum albumin (BSA; 1%, catalog no. A3294, Sigma) in PBS for 30 min to reduce any nonspecific binding of the primary antibodies. Cells were incubated overnight at 4°C with the following primary antibodies directed against the N-terminal ECDs of the GABA A R subunits: rabbit anti-GABA A R ␣1 subunit (1:200 (46)); mouse anti-GABA A R ␤2/3 subunit (10 g/ml; catalog no. MAB341, Merck Millipore, Billerica, MA); guinea pig anti-GABA A R ␣2 subunit (1:400; catalog no. 224104, Synaptic Systems); and guinea pig anti-GABA A R␥2 subunit (1:2000 (34) ). To detect intracellular proteins, the cells were washed, permeabilized with Triton X-100 (0.1%; catalog no. H514, Promega) in PBS for 30 min, and incubated with BSA/PBS (1%) for 30 min, to block nonspecific binding, followed by the addition of the rabbit anti-vesicular GABA transporter (VGAT) primary antibody (1:500; catalog no. 131013, Synaptic Systems) for 120 min. The binding of primary antibodies was subsequently visualized by binding of the appropriate goat anti-rabbit, anti-mouse, or anti-guinea pig secondary antibodies conjugated to Alexa-Fluor488 or AlexaFluor555 (1:750; catalog no. AP124S/ A21422, Life Technologies, Inc.) or Cy5 (1:750; catalog no. AP1085, Merck Millipore) in BSA/PBS (1%) for 1 h. Cells were washed thoroughly and coverslips mounted using ProLong Gold antifade reagent (catalog no. P36930, Life Technologies, Inc.).
Confocal Microscopy and Quantification of Synaptic Contacts-Immunoreactivity was visualized using the laser scanning confocal microscope (Zeiss LSM 710 Meta, Germany) with ϫ40 or 63 oil-immersion objective. Light levels, detector gain, and offset were adjusted to avoid any saturation. Images were taken on a single plane of the cell or at different focal depths, with sequential z-stack sections taken at equal optimal intervals of 0.64 m throughout the plane of the cell. Synaptic contacts were identified as regions of co-localization of the presynaptic marker VGAT or FM4-64FX dye, and the surface of the HEK293 cells was transfected with mCherry or EGFP and quantified using ImageJ (National Institutes of Health). Using the "Image Calculator" function followed by the "Analyze Particles" function, the percentages of partially co-localized pixels were quantified and summed throughout each plane of the z-stack. The data were analyzed statistically using Origin Pro 9.0 32 Bit software. The Gaussian distribution of the collected data was analyzed using the Shapiro-Wilk and Kolmogorov-Smirnov tests, and the non-parametric Mann-Whitney test was used to investigate statistical significance between different experimental groups.
Design, Expression, and Application of GABA A R N-terminal ECDs as Blocking Reagents-Polymerase chain reaction (PCR) was used to amplify the sequence of mouse ␣1, ␣2, ␤2, and ␥2 N-terminal ECDs using their existing pRK5 vectors. Forward primers designed to the first 30 nucleotides (including the signaling peptide) and reverse primers corresponding to the last 30 nucleotides before the first predicted transmembrane domain of the mouse ␣1, ␣2, ␤2, and ␥2 DNA sequences used were as follows: ␣1 forward, 5Ј-ATGAAGAAAAGTCGGGG-TCTCTCTGACTA-3Ј, and reverse, 5Ј-AAAGTAGCCAATT-TTTTCTCTTCAAGTGGAA-3Ј; ␣2 forward, 5Ј-ATGAA-GACAAAATTGAGCACATGCAATGTAT-3Ј, and reverse, 5Ј-CCCAATTTTTCTTTTCAAGTGGAAATGAGC-3Ј; ␤2 forward, 5Ј-ATGTGGAGAGTCCGGAAAAGGGGCTAC-TTT-3Ј, and reverse, 5Ј-GTAGCCAATGTTCCTTTTCAGC-TTAAAGCT-3Ј; ␥2 forward, 5Ј-ATGAGTTCGCCAAATAC-ATGGAGCATTGGA-3Ј, and reverse, 5Ј-GCCCATTCTT-CTGCTCAGATCGAAGTACAC-3Ј. Amplifications were per-
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formed using a three-step PCR involving Platinum Pfx DNA polymerase and 35 cycles of 94°C for 2 min followed by a further 1 min, 65°C for 1 min, and 68°C for 1 min followed by a further 10 min. The baculovirus/Sf9 cell expression system was then used to express the N-terminal ECDs of the GABA A R ␣1, ␣2, ␤2, and ␥2 subunits tagged with the His 6 sequence at the C terminus according to the Invitrogen User Manual (catalog no. A10605 Bac-to-Bac TOPO cloning kit/catalog no. A10606 Bacto-Bac TOPO expression system). Purification of ECDs from the virus-infected Sf9 cells (200 ml of culture pellets) was carried out under sterile conditions. The Sf9 cells were lysed with the buffer containing NaH 2 PO 4 (20 mM, pH 8.0; catalog no. S9638 Sigma), Nonidet P-40 (0.5%; Ab14222, Abcam), and protease inhibitors mixture (5 g/l; catalog no. 05892791001, Roche Applied Science) and centrifuged at 11,180 ϫ g for 15 min at 4°C. The supernatant was subsequently removed, and the pellet was resuspended in the solubilization buffer containing NaH 2 PO 4 (50 mM, pH 8.0), NaCl (150 mM), Nonidet P-40 (2%), deoxycholate (1%, 89904, ThermoScientific), and protease inhibitors (5 g/l) with rotation for 90 min at 4°C. Solubilized proteins were dialyzed in dialysis buffer containing NaH 2 PO 4 (50 mM, pH 8.0), NaCl (300 mM), Triton X-100 (1%), and protease inhibitors (5 g/l) overnight at 4°C. HisPur nickel-nitrilotriacetic acid spin columns (catalog no. 12393730, ThermoScientific) were prepared by washing with the binding buffer containing NaH 2 PO 4 (50 mM, pH 8.0), NaCl (300 mM), Triton X-100 (1%), and glycerol (20%) before addition of the solubilized GABA A R subunit ECDs (ϳ800 g) and incubation overnight at 4°C. The following day, the columns were extensively washed to remove any unbound protein and Triton X-100 before elution of the bound proteins using elution buffer containing NaH 2 PO 4 (50 mM, pH 6.0), NaCl (300 mM), protease inhibitors (5 g/l), glycerol (20%), EDTA (100 mM; catalog no. E9884, Sigma), and imidazole (500 mM; catalog no. 286874D, VWR) for 2 h (E1). A further two elutions (E2 and E3) were performed for 10 min, and all eluted fractions were dialyzed against PBS containing NaCl (300 mM) overnight at 4°C. Protein concentration was measured, and proteins were further processed by bath sonication (ultra 7000 ultrasonic cleaner, Leighton Buzzard; Bedfordshire, UK) for 8 min followed by centrifugation at 21,190 ϫ g for 10 min. Then, 5 g of each of the prepared ␣1, ␣2, ␤2, and ␥2 ECDs (0.36 -0.4 M) or the equivalent volume of Sf9 control extracts, which were processed using the same purification steps, were added to HEK293-MSN co-cultures within 30 min after plating. The cells were incubated for 24 h and fixed with 4% PFA.
Deglycosylation-To investigate whether the ␣1, ␣2, ␤2, and ␥2 ECDs were produced as glycosylated proteins in Sf9 cells, a glycoprotein deglycosylation kit (catalog no. 362280, Millipore) was used. Briefly, 20 g of each ECD was dissolved in 30 l of deionized water in a microcentrifuge tube along with 10 l of 5ϫ reaction buffer (250 mM sodium phosphate buffer, pH 7.0) and 2.5 l of denaturation solution (containing 2% SDS, 1 M ␤-mercaptoethanol, pH 7.0). Samples were boiled at 95°C for 5 min and left to cool at room temperature. Then, 1 l of the following enzymes endo-␣-N-acetylgalactosaminidase, ␣2-3,6,8,9-neuraminidase, ␤1,4-galactosidase, ␤-N-acetylglu-cosaminidase, and N-glycosidase F were added to each of the samples, along with 2.5 l of Triton X-100 detergent solution. Samples were incubated for 3 h at 37°C before being analyzed using SDS-PAGE, alongside non-deglycosylated ECDs, as a positive control. Immunoblotting was carried out with a His 6 tag primary antibody (1:1000; catalog no. AM1010a, Abgent) followed by the alkaline phosphatase-conjugated anti-rabbit secondary antibody (1:2500; catalog no. 31340, Invitrogen). Immunoreactivity was detected using the 5-bromo-4-chloro-3indolyl phosphate toluidine salt (catalog no. S3771) and nitro blue tetrazolium chloride (catalog no. S3771) (both from Promega; Southampton, UK).
Electrophysiology-Whole-cell voltage clamp recordings of spontaneous inhibitory synaptic currents (sIPSCs) in ␣1␤2-HEK293, ␣2␤2-HEK293, ␣1␤2␥2-HEK293, or ␣2␤2␥2-HEK293 cells in co-culture with MSNs were made at a membrane potential of Ϫ60 mV (MultiClamp 700B with series resistance compensation; Molecular Devices). HEK293 cells expressing mCherry were identified based on their fluorescence using the X-Cite series 120Q light source (EXFO). The extracellular medium contained NaCl (130 mM), KCl (4 mM), HEPES (10 mM), NaHCO 3 (20 mM), glucose (10 mM), MgCl 2 (1 mM), and CaCl 2 (2 mM) and was equilibrated with 5% CO 2 , 95% O 2 (pH 7.4; 330 mosmol/liter; flow rate, 1.8 ml/min) at 32°C. Patch electrodes had a final resistance of 3-8 megohms when filled with the intracellular solution containing KCl (130 mM), NaCl (3 mM), phosphocreatine (4.5 mM), HEPES (10 mM), EGTA (1 mM), Na-ATP (3.5 mM), Na-GTP (0.45 mM), and MgCl 2 (2 mM) (adjusted to pH 7.2 with KOH, 290 -300 mosmol/liter). GABA (125 M; catalog no. 0344, Tocris Bioscience, Bristol, UK) was added to the bathing medium to test the response of the HEK293 cells expressing GABA A Rs as a control.
Immunoblotting-Protein samples were lysed with SDS (2%), and their concentration was determined using BCA assays. Samples were separated using SDS-PAGE and transferred onto a nitrocellulose membrane, which was then incubated with His 6 tag antibody (1:1000; catalog no. AM1010a, Abgent) or the subunit-specific primary antibodies as follows: rabbit anti-GABA A R ␥2 subunit (1:1000; catalog no. 224003, Synaptic Systems); anti-GABA A R ␤2/␤3 subunit (1:50; UCL 112, raised against the N-terminal peptide of the ␤2 subunit in Dr. J. Jovanovic's laboratory); anti-GABA A R ␤3 subunit (1:500, UCL 74 (47)); anti-GABA A R ␣1 subunit (1:500 (46)); anti-GABA A R ␣2 subunit (1:500, catalog no. 224102, Synaptic Systems), or anti-GABA A R ␣2 subunit (2 g/l, raised against the intracellular loop (416 -424) of the ␣2 subunit (48)). Membranes were washed and incubated with the alkaline phosphatase-conjugated anti-rabbit secondary antibody (1:2500; catalog no. 31340, Invitrogen) or the HRP-conjugated anti-rabbit antibody (1:1000; catalog no. 711-035-152-Jackson ImmunoResearch). Immunoreactivity was detected using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium reagents or the SuperSignal West Femto Chemiluminescent substrate (catalog no. 34095, Fisher Scientific; Loughborough, UK), respectively.
Results

Formation of Functional GABAergic Synapses Is Initiated by the Expression of ␣1/␤2/␥2-GABA A Rs at the Cell Surface-To
investigate the role of individual GABA A R subunits in synaptic contact formation, a new ␣1/␤2-HEK293 stable cell line was generated and characterized by immunoblotting and immunocytochemistry using GABA A R subunit-specific antibodies (Fig.  1, A and B) , revealing, respectively, the high level of expression of these subunits and their targeting to the cell surface. The ␣1/␤2-HEK293 cells were further transiently transfected with mCherry reporter alone, to allow a reliable detection of these cells in co-culture, or in combination with the recombinant ␥2 subunit cDNA (Fig. 1C , top and middle panels) and added to the primary cultures of MSN (14 DIV, Fig. 1C ). Efficient assembly of the ␥2 subunit with the ␣1 and ␤2 subunits, a prerequisite for the cell surface expression of this subunit (14, 15) , was demonstrated by fluorescent labeling of this subunit at the cell surface with an antibody specific for its N-terminal extracellular epitope (Fig. 1C, top panel) . In control experiments, HEK293 cells, which did not express any GABA A Rs, were transiently transfected with mCherry reporter and added to the MSN in culture (Fig. 1C, bottom panel) . In all three conditions, cells were fixed after 24 h in co-culture and immunolabeled with a VGAT-specific antibody to identify the presynaptic MSN terminals, and a ␥2 N-terminally specific antibody to detect the HEK293 cells expressing this subunit at the cell surface. Fluorescent labeling was analyzed using confocal microscopy (Fig.  1C) , and co-localization between the presynaptic GABAergic, VGAT-positive terminals, and the HEK293 cells, labeled with mCherry, was quantified using ImageJ ( Fig. 1D ). Multiple synapse-like contacts were represented by presynaptic VGAT-positive terminals residing on the surface of ␣1␤2or ␣1␤2␥2-HEK293 cells (Fig. 1C , middle and top panel) and therefore co-localizing with the mCherry, as previously extensively characterized (33) . In contrast, only a few sporadic terminals were found on the surface of control HEK293 cells (Fig. 1C , bottom GABAergic terminals were labeled with an anti-VGAT antibody (in green); HEK293 cells were labeled with mCherry (in red), and the surface-expressed GABA A Rs were labeled with the ␥2 subunit-specific antibody (in blue). A selected area in each image (left column, white box) was magnified four times, and these images were included in the right column. Scale bar, 10 m. D, quantification of contacts between MSNs and ␣1␤2␥2-HEK293 cells, ␣1␤2-HEK293 cells, or control HEK293 cells expressed as a percentage of co-localized pixels between VGAT-positive MSN terminals and mCherry-expressing HEK293 cells. The data were first analyzed using Shapiro-Wilk and Kolmogorov-Smirnov tests and subsequently using the non-parametric Mann-Whitney test with a confidence interval of 95%. The box plots display the median and interquartile range (IQR); small squares represent the mean, and whiskers represent the data range within 1 S.D. of the median (n ϭ 62-77 cells from n ϭ 6 independent experiments). E, cell surface levels of GABA A R ␤2 subunit in ␣1␤2-HEK293 cells showed no significant change following transient transfection of the ␥2 subunit (␣1␤2␥2-HEK293 cells), as measured using ELISA with an extracellular epitope-specific anti-␤2/3 subunit antibody, followed by an HRP-conjugated secondary antibody and colorimetric reaction (left panel; p Ͼ 0.05, paired t test). Total levels of GABA A R ␤2 subunit in ␣1␤2␥2-HEK293 cells were reduced (right panel; p Ͻ 0.05, paired t test). The bar graphs represent the mean Ϯ S.D. of the total of n ϭ 4 independent experiments. The superimposed paired scatterplots represent the individual data points obtained from ␣1␤2-HEK293 and ␣1␤2␥2-HEK293 cells. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. panel). Quantification with ImageJ revealed that the degree of innervation of HEK293 cells, represented by the percentage of co-localized pixels between VGAT-positive MSN terminals and mCherry expressing HEK293 cells, was significantly higher when ␥2 subunit was incorporated into the GABA A Rs (0.40% IQR ϭ 0.20 -1.05; n ϭ 77 cells, versus 0.24% IQR ϭ 0.06 -0.66; n ϭ 62 cells; p Ͻ 0.01, Mann-Whitney test; n ϭ 6 independent experiments). However, ␣1␤2-GABA A R were also able to induce synaptic contact formation, albeit at much lower level, yielding a significant increase in the percentage of co-localized pixels between VGAT terminals and mCherry-expressing HEK293 cells (0.24% IQR ϭ 0.06 -0.66; n ϭ 62 cells, versus 0.12% IQR ϭ 0.03-0.28; n ϭ 62 cells; p Ͻ 0.05; n ϭ 6 independent experiments).
To assess whether the effects of the ␥2 subunit in synaptic contact formation were observed because the presence of this subunit increased the stability and the overall cell surface expression of GABA A Rs, cell surface ELISA experiments were performed. In these experiments, cell surface and total expression levels of the ␤2 GABA A R subunit were monitored using a ␤2/3-subunit-specific antibody, which binds to an epitope in the N-terminal extracellular domain of either of these subunits. This approach was chosen because the incorporation of the ␤ subunits is required for the appropriate assembly of GABA A Rs and their forward trafficking to the plasma membrane (16) . Their detection at the cell surface is therefore a reliable indicator of the overall surface expression of GABA A Rs. These experiments demonstrated that the presence of the ␥2 subunit did . HEK293 cells were labeled with EGFP (in green), and the surface-expressed GABA A Rs were labeled with the ␥2 subunit-specific antibody (in blue). A selected area in each image (left column, white box) was magnified four times, and these images were included in the right column. Scale bar, 10 m. B, quantification of active synaptic contacts between MSN terminals and ␣1␤2␥2-HEK293 cells, ␣1␤2-HEK293 cells, or control HEK293 cells expressed as a percentage of co-localized pixels between FM4-64FX and EGFP-expressing HEK293 cells. The data were first analyzed using Shapiro-Wilk and Kolmogorov-Smirnov tests and subsequently using the non-parametric Mann-Whitney test with the confidence interval of 95%. The box plots display the median and IQR; small squares represent the mean, and whiskers represent the data range within 1 S.D. of the median (n ϭ 16 -17 cells from n ϭ 2 independent experiments). C, recordings of sIPSCs in an ␣1␤2␥2-HEK293 cell innervated by MSN axons in control medium (left trace), followed by the whole-cell response to exogenously applied GABA to the bath (1 mM, right trace). Example traces from n ϭ 2 independent experiments. D, recordings from a ␣1␤2-HEK293 cell co-cultured with MSNs in control medium (left trace), followed by the whole-cell response to exogenously applied GABA to the bath (1 mM, right trace). Example traces from n ϭ 2 independent experiments. ***, p Ͻ 0.001. JULY 1, 2016 • VOLUME 291 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 13931 not affect the cell surface expression of GABA A Rs (p Ͼ 0.05, paired t test), although the total expression of GABA A Rs was slightly reduced (p Ͻ 0.05, paired t test; Fig. 1E ). In addition, immunolabeling using the same ␤2/3 subunit-specific antibody in combination with the ␣1-specific antibody demonstrated that the pattern of cell surface expression of GABA A Rs in the presence of ␥2 subunit remained unaltered, showing uniform distribution of these receptors in both conditions (data not shown). These results have indicated that ␥2 subunit plays an important role in the efficient formation of synaptic contacts triggered by GABA A Rs.
Structural Role of GABA A Receptors in Synapse Formation
That these synaptic contacts are active in releasing GABA was demonstrated by efficient activity-dependent incorporation of the lipophilic dye, FM4-64FX, into the small synaptic vesicles undergoing neurotransmitter release from the presynaptic terminals ( Fig. 2A) . In the presence of ␣1␤2␥2-GABA A Rs, incorporation of FM4-64 into terminals forming synapses with HEK293 cells was very prominent ( Fig. 2A, top panel) and showed a significant increase in comparison with ␣1␤2-GABA A R-expressing HEK293 cells ( Fig. 2A, middle panel) or control HEK293 cells ( Fig. 2A, bottom panel) . Quantification with ImageJ was consistent with the observed increase in labeling of active terminals. The percentage of co-localized pixels between FM4-64FX-positive terminals and EGFP-expressing ␣1␤2␥2-HEK293 cells (1.26% IQR ϭ 0.45-2.00; n ϭ 17) was significantly higher than in the case of ␣1␤2-HEK293 cells (0.14% IQR ϭ 0.04 -0.37; n ϭ 16 cells, p Ͻ 0.001) or control HEK293 cells (0.19% IQR ϭ 0.04 -0.24; n ϭ 17 cells, p Ͻ 0.001, from n ϭ 2 independent experiments) ( Fig. 2B ).
Whole-cell recordings from ␣1␤2␥2-HEK293 cells in co-culture revealed that these cells formed functional synaptic contacts with MSNs that were able to support spontaneous postsynaptic GABAergic currents with the frequency of 8.7 Ϯ 3.6 Hz (n ϭ 4 from n ϭ 2 independent experiments; Fig. 2C, left  panel and inset) . In contrast, recordings from ␣1␤2-HEK293 cells co-cultured with MSNs showed no synaptic activity (Fig. . GABAergic terminals were labeled with an anti-VGAT antibody (in green); HEK293 cells were labeled with mCherry (in red), and the surface-expressed GABA A Rs were labeled with the ␥2 subunit-specific antibody (in blue). A selected area in each image (left column, white box) was magnified four times, and these images are included in the right column. Scale bar, 10 m. D, quantification of contacts between MSNs and ␣2␤2␥2-HEK293 cells, ␣2␤2-HEK293 cells or control HEK293 cells expressed as a percentage of co-localized pixels between VGAT positive MSN terminals and mCherry expressing HEK293 cells. The data were first analyzed using Shapiro-Wilk and Kolmogorov-Smirnov tests and subsequently using the non-parametric Mann-Whitney test with a confidence interval of 95%. The box plots display the median and IQR; small squares represent the mean, and whiskers represent the data range within 1 S.D. of the median (n ϭ 42-56 cells from n ϭ 3 independent experiments). E, cell surface levels of GABA A R ␤2 subunit in ␣2␤2-HEK293 cells showed no significant change following transient transfection of the ␥2 subunit (␣2␤2␥2-HEK293 cells), as measured using ELISA with an extracellular epitope-specific anti-␤2/3 subunit antibody, followed by an HRP-conjugated secondary antibody and colorimetric reaction (left panel; p Ͼ 0.05, paired t test). Total levels of GABA A R ␤2 subunit in ␣2␤2␥2-HEK293 cells were reduced (right panel; p Ͻ 0.05, paired t test). The bar graphs represent the mean Ϯ S.D. of the total of n ϭ 3 (for cell surface expression) and n ϭ 4 (for total expression) independent experiments. The superimposed paired scatterplots represent the individual data points obtained from ␣2␤2-HEK293 and ␣2␤2␥2-HEK293 cells. *, p Ͻ 0.05; **, p Ͻ 0.01. 2D, left panel). In both cases, HEK293 cells were able to respond robustly to application of the exogenous GABA, further confirming the efficient cell surface expression of GABA A Rs (Fig. 2 , C and D, right panel).
Formation of Functional GABAergic Synapses Is Also Initiated by the Cell Surface Expression of ␣2/␤2/␥2-GABA A Rs-To gain further insight into the molecular mechanisms mediating the initiation of GABAergic synapses, a stable cell line expressing the ␣2␤2-GABA A Rs was generated and characterized using immunoblotting and immunocytochemistry (Fig. 3, A and B) revealing, respectively, the high level of expression of both receptor subunits and their targeting to the cell surface.
To assess the role of individual GABA A R subunits in synaptic contact formation, the ␣2␤2-HEK293 cells were transiently transfected with mCherry and ␥2 subunit constructs or with mCherry construct alone, plated into the primary cultures of MSNs at 14 DIV, and incubated for 24 h. Cells were subsequently fixed, and surface GABA A Rs were labeled with an extracellular epitope-specific ␥2 antibody, while the presynaptic MSN terminals were immunolabeled for VGAT, as described above. Synaptic contacts were identified based on co-localization between the presynaptic VGAT-positive termi-nals and the mCherry-expressing HEK293. Similar to the results obtained with the ␣1␤2␥2-HEK293 cells, the presynaptic VGAT terminals were observed as multiple puncta residing on the surface of ␣2␤2␥2-HEK293 cells (Fig. 3C, top panel) . However, in contrast to the previous results with ␣1␤2-HEK293 cells, synaptic contacts between VGAT terminals and ␣2␤2-HEK293 cells (Fig. 3C, middle panel) did not form. ImageJ analysis revealed that inclusion of the ␥2 subunit significantly increased the percentage of co-localized pixels between VGAT terminals and mCherry expressing ␣2␤2␥2-HEK293 cells compared with the control HEK293 cells (0.39% IQR ϭ 0.12-0.87; n ϭ 28 cells versus 0.12% IQR ϭ 0.05-0.30; n ϭ 56 cells; p Ͻ 0.01), or compared with the ␣2␤2-HEK293 cells (0.18% IQR ϭ 0.08 -0.34; p Ͻ 0.05; n ϭ 42 cells; all from n ϭ 2 to 3 independent experiments).
To test whether the positive effects of the ␥2 subunit on synaptic contact formation were observed because of the increased cell surface expression of GABA A Rs, cell surface ELISA experiments were performed with the same extracellular epitopespecific ␤2/3 subunit antibody as described above. These experiments revealed that cell surface expression of GABA A Rs did not change significantly in the presence of the ␥2 subunit, . HEK293 cells were labeled with EGFP (in green), and the surface expressed GABA A Rs were labeled with the ␥2 subunit-specific antibody (in blue). A selected area in each image (left column, white box) was magnified four times, and these images were included in the right column. Scale bar, 10 m. B, quantification of active synaptic contacts between MSN terminals and ␣1␤2␥2-HEK293 cells, ␣1␤2-HEK293 cells, or control HEK293 cells expressed as a percentage of co-localized pixels between FM4-64FX and EGFP-expressing HEK293 cells. The data were first analyzed using Shapiro-Wilk and Kolmogorov-Smirnov tests and subsequently using the non-parametric Mann-Whitney test with the confidence interval of 95%. The box plots display the median and IQR; small squares represent the mean, and whiskers represent the data range within 1 S.D. of the median (n ϭ 16 -17 cells from n ϭ 2 independent experiments). C, recordings of sIPSCs in a ␣2␤2␥2-HEK293 cell innervated by MSN axons in control medium (left trace), followed by the whole-cell response to exogenously applied GABA to the bath (1 mM, right trace). Example traces from n ϭ 3 independent experiments. D, recordings from a ␣2␤2-HEK293 cell co-cultured with MSNs in control medium (left trace), followed by the whole-cell response to exogenously applied GABA to the bath (1 mM, right trace). Example traces from n ϭ 2 independent experiments. **, p Ͻ 0.01; ***, p Ͻ 0.001. although total expression of GABA A Rs showed a small but statistically significant reduction (p Ͻ 0.05, paired t test; Fig. 3E ). These data thus indicate that induction of synaptic contacts was caused by incorporation of the ␥2 subunit into the receptor. Distribution of GABA A Rs at the cell surface was also unchanged following the incorporation of the ␥2 subunit, as revealed by immunolabeling with ␤2/3and ␣2-specific antibodies that bound the extracellular N-terminal domains of these subunits (data not shown).
The majority of synaptic contacts formed between MSNs and ␣2␤2␥2-HEK293 cells were functional as they showed the activity-dependent incorporation of FM4-64FX dye into the presynaptic GABA-releasing terminals (Fig. 4A) , which appeared as fluorescent puncta on the surface of EGFP-labeled HEK293 cell. Quantification using ImageJ showed a significant increase in the percentage of co-localized pixels between FM4-64FX-positive MSN terminals and EGFP-expressing ␣2␤2␥2-HEK293 cells (0.99% IQR ϭ 0.19 -2.05; n ϭ 16 cells) in comparison with ␣2␤2-HEK293 cells (0.08% IQR ϭ 0.02-0.12; n ϭ 16; p Ͻ 0.001) or control HEK293 cells (0.19% IQR ϭ 0.04 -0.24; n ϭ 17 cells; p Ͻ 0.01; all from n ϭ 2 independent experiments; Fig. 4B ). Whole-cell recordings from ␣2␤2␥2-HEK293 cells (Fig. 4C, left panel and inset) confirmed that these contacts were active as they were able to support the spontaneous postsynaptic GABAergic currents (IPSCs) with the frequency of 5 Ϯ 1 Hz (n ϭ 3 from n ϭ 3 independent experiments). IPSCs were not detected in recordings from ␣2␤2-HEK293 cells (Fig. 4D,  left panel) , indicating that these cells were not innervated by MSN axons. However, both ␣2␤2␥2-HEK293 and ␣2␤2-HEK293 cells responded robustly to application of the exogenous GABA (Fig. 4, C and D, right panel) in control experiments, demonstrating that GABA A Rs were expressed at the cell surface.
Together, these experiments reveal that incorporation of the ␥2 subunit into the GABA A R is critical for the induction of active synaptic contacts in this system. However, these results also suggest that the type of the ␣ subunit co-assembled with the ␤2 and ␥2 subunits influences this process as the ␣1-con- . GABAergic terminals were labeled with an anti-VGAT antibody (in green); HEK293 cells were labeled with mCherry (in red); and the surface-expressed GABA A Rs were labeled with the ␥2 subunit-specific antibody (in blue). A selected area in each image (left column, white box) was magnified four times, and these images were included in the right column. Scale bar, 10 m. D, quantification of contacts between MSNs and ␣1␤3␥2-HEK293 cells, ␣1␤3-HEK293 cells or control HEK293 cells expressed as a percentage of co-localized pixels between VGAT-positive MSN terminals and mCherry-expressing HEK293 cells. The data were first analyzed using Shapiro-Wilk and Kolmogorov-Smirnov tests and subsequently using the non-parametric Mann-Whitney test with a confidence interval of 95%. The box plots display the median and IQR; small squares represent the mean, and whiskers represent the data range within 1 S.D. of the median (n ϭ 37-49 cells from n ϭ 4 independent experiments). E, cell surface levels of GABA A R ␤3 subunit in ␣1␤3-HEK293 cells showed no significant change following transient transfection of the ␥2 subunit (␣1␤3␥2-HEK293 cells), as measured using ELISA with an extracellular epitope-specific anti-␤2/3 subunit antibody, followed by an HRP-conjugated secondary antibody and colorimetric reaction (left panel; p Ͼ 0.05, paired t test). The bar graphs represent the mean Ϯ S.D. of the total of n ϭ 4 independent experiments. The superimposed paired scatterplots represent the individual data points obtained from ␣1␤3-HEK293 and ␣1␤3␥2-HEK293 cells. ***, p Ͻ 0.001.
taining combination appeared to be more potent in inducing synaptic contacts than the ␣2 combination (6.9-fold versus 5.4fold increase, both normalized with the respective control HEK293 cells).
Type of the ␤ Subunit Present in the GABA A R Influences the Formation of Synaptic Contacts-As both the ␣1␤2␥2-GABA A R and ␣2␤2␥2-GABA A R were able to promote synapse formation, the effects of the ␤3-containing GABA A Rs expressed stably in HEK293 cells were next investigated. A new stable cell line expressing the ␣1␤3-GABA A Rs was generated and characterized using immunoblotting and immunocytochemistry as described above. A high level of expression of the ␣1 and ␤3 subunits was detected using specific antibodies (Fig.  5A) . Immunolabeling with the same antibodies indicated that both subunits were expressed at the cell surface in all the cells examined (Fig. 5B) .
The ␣1␤3-HEK293 cells were transiently transfected with mCherry and ␥2 subunit construct or mCherry construct alone, plated into the primary cultures of MSNs at 14 DIV, and incu-bated for 24 h. Cells in co-culture were fixed, and surface GABA A Rs were labeled with the extracellular epitope-specific ␥2 antibody, as described above, and the presynaptic MSN terminals were immunolabeled for VGAT. Synaptic contacts were identified based on co-localization between the presynaptic VGAT-positive terminals and the mCherry-expressing HEK293 (Fig. 5C ) and quantified using ImageJ (Fig. 5D ). Similar to the previous results, incorporation of the ␥2 subunit was a pre-requisite for synaptic contact formation (co-localization ϭ 2.14% IQR ϭ 1.05-3.18; n ϭ 48 cells; Fig. 5, C and D) , as only very rare, sporadic contacts were observed between the presynaptic terminals labeled with VGAT and the ␣1␤3-HEK293 cells (co-localization ϭ 1.26% IQR ϭ 0.66 -2.05; n ϭ 49 cells) or control HEK293 cells (co-localization ϭ 0.90% IQR ϭ 0.58 -1.32; n ϭ 37 cells; Fig. 5, C and D) . The difference in the percentage of co-localization between VGAT terminals and ␣1␤3␥2-HEK293 cells versus ␣1␤3-HEK293 cells or control HEK293 cells was statistically significant (p Ͻ 0.001; from n ϭ 4 independent experiments). . GABAergic terminals were labeled with an anti-VGAT antibody (in green); HEK293 cells were labeled with mCherry (in red), and the surface expressed GABA A Rs were labeled with the ␥2 subunit-specific antibody (in blue). A selected area in each image (left column, white box) was magnified four times, and these images were included in the right column. Scale bar, 10 m. D, quantification of contacts between MSNs and ␣2␤3␥2-HEK293 cells, ␣2␤3-HEK293 cells, or control HEK293 cells expressed as a percentage of co-localized pixels between VGAT-positive MSN terminals and mCherry-expressing HEK293 cells. The data were first analyzed using Shapiro-Wilk and Kolmogorov-Smirnov tests and subsequently using the non-parametric Mann-Whitney test with a confidence interval of 95%. The box plots display the median and IQR; small squares represent the mean, and whiskers represent the data range within 1 S.D. of the median (n ϭ 42-56 cells from n ϭ 3 independent experiments). E, cell surface levels of GABA A R ␤3 subunit in ␣2␤3-HEK293 cells showed no significant change following transient transfection of the ␥2 subunit (␣2␤3␥2-HEK293 cells), as measured using ELISA with an extracellular epitope-specific anti-␤2/3 subunit antibody, followed by an HRP-conjugated secondary antibody and colorimetric reaction (left panel; p Ͼ 0.05, paired t test). The bar graphs represent the mean Ϯ S.D. of the total of n ϭ 4 independent experiments. The superimposed paired scatterplots represent the individual data points obtained from ␣2␤3-HEK293 and ␣2␤3␥2-HEK293 cells. JULY 1, 2016 • VOLUME 291 • NUMBER 27
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In agreement with the previous experiments ( Figs. 1E and  3E) , the overall cell surface and total expression levels of GABA A Rs in ␣1␤3-HEK293 cells were not significantly altered following the incorporation of the ␥2 subunit (Fig. 5E ), as demonstrated using cell surface ELISA with the same anti-␤2/3 subunit antibody as described above. Likewise, distribution of these receptors at the cell surface was also unaltered as revealed by immunolabeling with the specific antibodies as described above (data not shown).
To further test the effects of different ␤ subunits in synaptic contact formation, a new ␣2␤3-HEK293 stable cell line was generated, and the expression of each GABA A R subunit was characterized by immunoblotting with the specific antibodies (Fig. 6A ). Expression of both subunits at the cell surface was demonstrated using immunocytochemistry with the antibodies specific for their extracellular N-terminal domains (Fig. 6B ).
Following the procedure described above, the ␣2␤3-HEK293 cells were transiently transfected with mCherry and ␥2 subunit constructs or with mCherry construct alone, plated into the primary cultures of MSNs at 14 DIV, and incubated for 24 h. Cells in co-culture were fixed and labeled with an extracellular epitope-specific ␥2 antibody, whereas the presynaptic MSN terminals were immunolabeled for VGAT. In contrast to all other combinations of ␣, ␤, and ␥2 subunits tested so far, the ␣2␤3␥2 combination expressed in HEK293 cells failed to promote synaptic contact formation with co-cultured MSNs. . Inhibition of GABA A R activity by application of bicuculline has no effect on the formation of synapse-like contacts between MSNs and ␣1␤2␥2-HEK293 cells. A, immunolabeling of synaptic contacts between the presynaptic terminals of MSNs and ␣1␤2␥2-HEK293 cells in co-cultures treated with DMSO (upper panel) or bicuculline (lower panel). GABAergic terminals were labeled with an anti-VGAT antibody (in green); HEK293 cells were labeled with mCherry (in red), and the surface-expressed GABA A Rs were labeled with the ␥2 subunit-specific antibody (in blue). A selected area in each image (left column, white box) was magnified four times, and these images were included in the right column. Scale bar, 10 m. B, quantification of contacts between MSNs and ␣1␤2␥2-HEK293 cells expressed as percentage of co-localized pixels between VGAT-positive terminals and mCherry expressing HEK293 cells. The Gaussian distribution of the data was initially tested using Shapiro-Wilk and Kolmogorov-Smirnov tests. The data were subsequently analyzed using the non-parametric Mann-Whitney test with a confidence interval of 95%. The box plots display the median and IQR; small squares represent the mean, and whiskers represent the data range within 1 S.D. of the median of (n ϭ 38 -40 cells from three independent experiments). Based on co-localization between the presynaptic VGAT terminals and mCherry-expressing HEK293 cells, very rare or no synaptic contacts were observed in co-cultures containing either ␣2␤3␥2-, ␣2␤3-, or control HEK293 cells (Fig. 6C ). Quantification using ImageJ was consistent with this observation, revealing no statistically significant difference in the percentage of co-localized pixels between VGAT terminals and ␣2␤3␥2-, ␣2␤3-, or control mCherry-HEK293 cells (0.15% IQR ϭ 0.05-0.36; n ϭ 42 cells, versus 0.16% IQR ϭ 0.06 -0.34; n ϭ 42 cells, versus 0.12% IQR ϭ 0.05-0.30; n ϭ 56 cells; p Ͼ 0.05 in all comparisons; from n ϭ 3 independent experiments).
As with all other combinations of the receptor subunits tested using cell surface ELISA, incorporation of the ␥2 subunit did not significantly change the overall cell surface or total expression of GABA A Rs (Fig. 6E) or their immunolabeling at the cell surface (data not shown). Together, the data indicate that although the ␥2 subunit is required for the efficient initiation of synaptic contacts in this system, the co-assembled ␣ and ␤ subunits have a permissive role in this process, not only because they are necessary for the forward trafficking of the ␥2 subunit to the cell surface, but also because they appear to influence the extent of contact formation triggered in the presence of the ␥2 subunit.
Synaptic Contact Formation Was Not Dependent on the Activity of GABA A Rs-To test whether the GABA A R-triggered formation of synaptic contacts was dependent on activation of these receptors by GABA, a specific antagonist bicuculline (25 M) was applied immediately following the plating of the ␣1␤2␥2-HEK293 cells into the MSN cultures. The cells were fixed after 24 h and immunolabeled as described above. Synaptic contact formation indicated by the multiple puncta of VGAT terminals residing on the surface of mCherry-labeled . GABAergic terminals were labeled with an anti-VGAT antibody (in green); HEK293 cells were labeled with mCherry (in red), and the surface-expressed GABA A Rs were labeled with a ␥2 subunit-specific antibody (in blue). A selected area in each image (left column, white box) was magnified four times, and these images were included in the right column. Scale bar, 10 m. Quantification of contacts is shown between MSNs and ␣1␤2␥2-HEK293 cells (B) or control (D) HEK293 cells in the presence of control Sf9 cell extracts or purified ␣1 (upper middle panel), ␤2 (lower middle panel), or ␥2 N-terminal ECD (bottom panel), expressed as a percentage of co-localized pixels between VGAT-positive MSN terminals and mCherry-expressing HEK293 cells. The data were initially analyzed using the Shapiro-Wilk and Kolmogorov-Smirnov test and subsequently using the non-parametric Mann-Whitney test with a confidence interval of 95%. The box plots display the median and IQR; small squares represent the mean, and whiskers represent the data range within 1 S.D. of the median (␣1␤2␥2-HEK293: n ϭ 44 -46 cells from n ϭ 3 independent experiments; HEK293: n ϭ 23-41 cells from n ϭ 3-5 independent experiments). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
HEK293 cells was observed in both the vehicle (DMSO)-and bicuculline-treated co-cultures (Fig. 7A) . In ImageJ analysis, the percentage of co-localized pixels between the VGAT terminals and mCherry-HEK293 cells was not significantly different between DMSO-and bicuculline-treated co-cultures (0.32% IQR ϭ 0.14 -0.62; n ϭ 40, versus 0.22% IQR ϭ 0.12-0.40; n ϭ 37, from n ϭ 3 independent experiments; p Ͼ 0.05; Fig. 7B) . These experiments indicate that the ability of GABA A Rs to initiate synaptic contacts is independent from their activation by GABA and chloride current gating and suggest that these receptors play a structural role similar to the previously described role of synaptic adhesion proteins.
N-terminal Extracellular Domains of GABA A Rs Directly Participate in Synaptic Contact Formation-To further investigate the mechanisms underlying the initiation of synaptic contacts by GABA A Rs, we cloned, expressed, and purified the N-terminal extracellular domains of ␣1, ␣2, ␤2, and ␥2 subunits using the baculovirus/Sf9 cell expression system. The N-terminal extracellular domains of GABA A R subunits are very large and complex and also are conserved in their primary amino acid sequence between and within different subunit classes (4) .
Purification of N-terminal ECDs from the baculovirus-infected Sf9 cells was carried out under sterile conditions as described under "Experimental Procedures." Solubilization of proteins from Sf9 cells (Fig. 8A , panels i-v, input) allowed extraction of a significant amount of all N-terminal ECDs. These proteins were subsequently dialyzed and bound to the prepared nickel-nitrilotriacetic acid columns for purification by affinity chromatography. The elution of the bound ECDs was carried out using an imidazole/EDTA-containing buffer yielding a relatively small amount of purified proteins (ϳ200 g) but sufficient to carry out further experiments (Fig. 8A , panels i-v, elution). Small samples from each purification step were collected and analyzed by SDS-PAGE and immunoblotting using subunit ECD-specific antibodies. The immunoreactivity detected in blots (Fig. 8B , panels i-iv) confirmed that these proteins were indeed correctly expressed in Sf9 cells and that their detected molecular mass (ϳ30 -36 kDa) was compatible with that predicted on the basis of their amino acid sequence. However, the presence of multiple bands running closely in SDS-PAGE, suggested that they may represent glycosylated forms of the N-terminal ECDs, given that glycosylation of exogenous proteins in Sf9 cells has been demonstrated (49 -52) and that the number of predicted glycosylation sites for the N-terminal ECDs is compatible with the number of detected protein bands (two residues predicted in the ␣1 subunit and three in the ␤2 and ␥2 subunit N-terminal ECDs). This was confirmed by incubating purified ECDs with deglycosylation enzymes and analyzing them by SDS-PAGE and immunoblotting with His tag antibodies. All four ECDs showed a change in the pattern of immunoreactive bands and a reduction in their molecular mass due to removal of glycosyl groups (Fig. 8C) .
␣1, ␤2, and ␥2 ECD Each Contribute to Synaptic Contact Formation-To elucidate whether the synaptogenic effects of GABA A Rs were directly mediated by their N-terminal ECDs, the purified ␣1, ␣2, ␤2, and ␥2 ECDs were each separately applied 30 min after plating the mCherry-transfected ␣1␤2␥2-HEK293 into the MSN cultures. In controls, the extract from untransfected Sf9 cells, which was prepared in parallel with the GABA A R N-terminal ECDs using the same purifications steps, was added to the ␣1␤2␥2-HEK293 and MSN co-cultures. The cells were fixed after 24 h, and stained using the VGAT and ␥2-specific antibodies, and formation and quantification of synaptic contacts were carried out as described above (Figs. 9 and 10). A significant reduction in the number of synaptic contacts between the ␣1␤2␥2-HEK293 and MSNs was observed in the presence of each of the exogenous N-terminal ECDs: ␣1, ␤2 or ␥2 (Fig. 9A ). ImageJ analysis revealed that co-localization between VGAT-positive presynaptic terminals and mCherryexpressing ␣1␤2␥2-HEK293 cells was significantly reduced compared with Sf9 control extract, with a median of 0.09% IQR ϭ 0.05-0.26 (n ϭ 45 cells; p Ͻ 0.001), 0.10% IQR ϭ 0.05-0.32 (n ϭ 44 cells; p Ͻ 0.01), and 0.13% IQR ϭ 0.05-0.38 (n ϭ 46 cells; p Ͻ 0.05), respectively, compared with the median of 0.25% IQR ϭ 0.12-0.57 in controls (n ϭ 46 cells; all from n ϭ 3 independent experiments; Fig. 9B ). However, addition of the exogenous ␣2 N-terminal ECD had no effect on synapse forma- . GABAergic terminals were labeled with an anti-VGAT antibody (in green); HEK293 cells were labeled with mCherry (in red), and the surface expressed GABA A Rs were labeled with a ␥2 subunit-specific antibody (in blue). A selected area in each image (left column, white box) was magnified four times, and these images were included in the right column. Scale bar, 10 m. Quantification of contacts is shown between MSNs and ␣1␤2␥2-HEK293 cells (B) or control HEK293 cells (D) in the presence of control Sf9 cell extracts or purified ␣2 N-terminal ECD, expressed as a percentage of co-localized pixels between VGAT-positive MSN terminals and mCherry-expressing HEK293 cells. The data were initially analyzed using the Shapiro-Wilk and Kolmogorov-Smirnov test and subsequently using the nonparametric Mann-Whitney test with a confidence interval of 95%. The box plots display the median and IQR; small squares represent the mean, and whiskers represent the data range within 1 S.D. of the median (␣1␤2␥2-HEK293: n ϭ 18 cells from n ϭ 2 independent experiments; HEK293: n ϭ 17 cells from n ϭ 2 independent experiments). tion in these co-cultures (Sf9 cell control extracts: 0.32% IQR ϭ 0.19 -0.47, n ϭ 17 cells, versus ␣2 ECD: 0.34% IQR ϭ 0.17-0.61, n ϭ 18 cells; both from n ϭ 2 independent experiments; p Ͼ 0.05; Fig 10A) .
Consistent with the control experiments described above (Figs. 1, 3 , 5, and 6, C and D), no synaptic contact formation was observed between mCherry-HEK293 cells that did not express GABA A Rs and MSNs, following the application of purified ␣1, ␤2 or ␥2 N-terminal ECDs or the control Sf9 extract (Fig. 9C) . Results from ImageJ analysis confirmed this observation revealing that co-localization between VGAT-positive terminals and mCherry-expressing HEK293 cells was minimal in all four conditions (Sf9 control extracts: 0.08% IQR ϭ 0.03-0.19; n ϭ 40 cells, versus ␣1 ECD: 0.04% IQR ϭ 0.02-0.11; n ϭ 23 cells, versus ␤2 ECD 0.05% IQR ϭ 0.02-0.12), n ϭ 23 cells, versus ␥2 ECD: 0.09% IQR ϭ 0.04 -0.28), n ϭ 41 cells; from n ϭ 3 to 5 independent experiments; Fig. 9D ). Similar results were obtained after application of the ␣2 ECD (Sf9 control extracts: 0.04% IQR ϭ 0.03-0.08, n ϭ 16 cells, versus ␣2 ECD: 0.03% IQR ϭ 0.01-0.13; n ϭ 16 cells, both from n ϭ 2 independent experiments; p Ͼ 0.05; Fig 10B) .
These experiments indicate that the N-terminal extracellular domains of each of the subunits incorporated into the GABA A R pentamer (␣, ␤, or ␥) contribute to synaptic contact formation, and they suggest that multiple protein-protein interactions between these domains and proteins residing on the surface of GABAergic presynaptic terminals and/or within the synaptic matrix may be the key mediators in the assembly of GABAergic synapses.
Discussion
Delineating the molecular mechanisms that regulate development of the central nervous system and the formation of synaptic connections between neurons with the precision required for execution of complex behaviors, cognition, and learning is of fundamental importance in neurobiology. One of the key questions remaining to be answered is how the initiation of synaptic connections between neurons actually occurs. Because of a large number of proteins postulated to mediate these processes and the sheer complexity of their possible molecular interactions, exactly how these complex inter-neuronal connections are formed is often studied using reduced in vitro co-culture systems. Although far from the situation in vivo and subject to all the caveats that should surround any study in a reduced system, this approach has allowed us to establish that GABA A Rs have the ability to initiate the adhesion of GABAergic nerve terminals and formation of structurally and functionally competent GABAergic inhibitory synapses (33, 53) . These in vitro findings are supported by the in vivo evidence from GABA A ␣1 and ␣2 subunit knock-out mice demonstrating that the lack of these subunits in the hippocampus leads to prominent structural changes in specific types of inhibitory synapses (54) . In addition, in vitro co-culture assays have been used extensively to characterize a number of other synaptogenic proteins (27) (28) (29) (30) (31) .
GABA A Rs are structurally diverse and can be assembled from as many as 16 different subunits that exhibit specific patterns of expression within different brain regions (2) . Based on structural and functional diversity of these receptors, we have hypothesized that GABA A Rs can initiate the formation of specific types of GABAergic inhibitory synapses in which the functional properties of both the presynaptic inhibitory neurons and the GABA A R subtypes present postsynaptically are closely matched to allow efficient transmission of signals (55) .
To characterize the structural basis for synaptogenic activity of GABA A Rs and to test the latter hypothesis, in this study we have investigated how the subunit composition of GABA A Rs affects their ability to initiate synaptic contact formation, and we have demonstrated that the N-terminal extracellular domain of each of the subunits incorporated into the GABA A R pentamer directly participates in this process. Thus, engineering the HEK293 cells to stably express the ␣1␤2-, ␣1␤3-, ␣2␤2-, or ␣2␤3-GABA A Rs, in the presence or absence of the ␥2 subunit, allowed us to examine not only whether the presence of the ␥2 subunit was necessary for contact formation, but also whether the subtype of ␣ or ␤ subunit present in the pentameric receptor can influence its ability to promote synaptic contact formation with GABAergic MSNs in co-culture. The surface expression of GABA A Rs in these cell lines was assessed by immunolabeling of PFA-fixed cells with antibodies specific for the extracellular epitopes of these receptors. Although the labeling appeared not to delineate the plasma membrane as precisely as expected, likely due to partial permeabilization with PFA, surface expression of GABA A Rs was further demonstrated in electrophysiological experiments by detection of GABA A R-mediated currents evoked by bath-applied GABA (Figs. 2, C and D, and 4, C and D) .
Quantification of synaptic contacts labeled with VGAT or FM4-64FX dye has clearly indicated that the presence of the ␥2 subunit was necessary but not sufficient for the formation of synaptic contacts in almost all combinations tested apart from the ␣2␤3␥2 combination, which showed no activity at all, and it was similar to the control HEK293 cells that did not express any GABA A Rs. These findings are in agreement with the previous experimental evidence demonstrating that the ␥2 subunit is almost uniformly present in all GABAergic synapses in the CNS (56) and that ␥2 subunit knockouts exhibit a loss of GABA A R clusters and a reduction in GABA A Rs-mediated synaptic function both during synaptogenesis and at mature synapses (9, 14, 19 -23) .
It is of interest to note that in our immunolabeling experiments there was little evidence for clustering of ␥2-containing GABA A Rs at synaptic contacts, which could be explained by an already very high level of these receptors at the cell surface. Moreover, GABA A R clustering protein gephyrin was not detected in our cell lines using immunolabeling with specific antibodies. That gephyrin, if present, is not necessary for synaptic contact formation in this system is indicated by the lack of innervation of control HEK293 cells or ␣/␤-HEK293 cells by MSN axons. Another protein reported to play an important role in postsynaptic clustering of GABA A Rs in neurons is collybistin, but this protein was reported to lack synaptogenic activity (57) and is not expressed in HEK293 cells (58) .
In our experiments, innervation of HEK293 cells expressing a specific combination of GABA A R subunits was directly compared with that of control HEK293 cells, which did not express any GABA A Rs, as these were always plated onto coverslips containing the same preparation of MSNs. Therefore, the differences in innervation observed between different subunit combinations can only be compared indirectly by comparing the fold increase in contact formation of these normalized to control HEK293 cells. These comparisons have indicated that the presence of a specific ␣/␤ subunit combination within the receptor pentamer also influences the degree of innervation of these cells by MSN axons. For example, the ␣1␤2␥2 combination showed the greatest ability to promote contact formation (ϳ7-fold increase): the ␣2␤2␥2-combination evoked an ϳ5-fold increase, and the ␣2␤3␥2 combination failed to promote contact formation significantly compared, that is, with their respective controls. Importantly, these apparent differences in the ability of different GABA A R subunit combinations to promote innervation of HEK293 cells by co-cultured MSNs in vitro are in agreement with the expression profiles of GABA A R subunits in neurons that are the predominant synaptic target for MSNs in vivo. Thus, axons of striatal MSNs predominantly innervate neurons in the globus pallidus and the substantia nigra pars reticulata, and these neurons most commonly express the ␣1␤2␥2-GABA A R combination (24 -26) . Striatal MSNs themselves predominantly express the ␣2␤3␥2 GABA A R subunit combination, but they receive synaptic inputs from striatal GABAergic interneurons much more frequently than from other MSNs (37, 59, 60) . Thus, striatal MSNs appear to have preference toward the ␣1␤2␥2-GABA A R combination as their synaptic targets.
An important question emerging from these experiments is as follows: How are these different subtypes of GABA A Rs recognized by GABAergic inputs during the initiation of synaptic contacts? As the large N-terminal ECDs of the GABA A R subunits reside within the synaptic cleft, it is possible that these domains bind directly to some yet to be identified presynaptic protein(s) and that these interactions could initiate contact formation and hold the pre-and postsynaptic membranes in close proximity, while the other synaptic adhesion protein interactions develop. Although many other synaptic adhesion proteins also take part in synapse formation and consolidation, the interactions mediated by GABA A R ECDs may be required to ensure that the preferred postsynaptic receptor subtypes for a given presynaptic input are selected. To determine whether the synaptogenic effects of the GABA A R subunits were directly mediated by their N-terminal ECDs, purified ␣1, ␤2, and ␥2 ECDs were added to the co-cultures of ␣1␤2␥2-HEK293 cells and MSNs immediately after plating. Application of exogenous ECDs of the abovementioned subunits, but not of the ␣2 subunit ECD used as a negative control, inhibited contact formation between the MSNs and HEK293 cells, suggesting that synaptogenic effects of GABA A Rs are indeed mediated, at least in part, by their ECDs. The specificity of purified ECDs demonstrated in these experiments strongly suggests that their conformation is similar to the confirmation of the endogenous ECDs but also that protein-protein interactions occurring during synaptic contact formation are indeed specific for the subunits incorporated into the GABA A Rs. These findings are in agreement with the results demonstrating that inhibition of GABA A R activity by a competitive antagonist bicuculline had no significant effect on synaptic contact formation in these cocultures. The exact mechanism by which the applied ECDs inhibit contact formation remains to be determined and will require further experimentation.
Direct in vivo evidence for the role for GABA A Rs in synapse assembly has yet to emerge. The challenge lies in the complexity and multiplicity of GABA A R subtypes (1, 2) as well as other pre-and post-synaptic proteins found to populate the synaptic cleft. For example, a prominent synaptogenic activity of presynaptic neurexins and their postsynaptic partners neuroligins has been demonstrated in vitro by a number of studies (27) (28) (29) (30) (31) but also questioned by the results from the in vivo analysis of GABAergic synapses in neuroligin knock-out mice, which showed that synapse formation was intact (61) . However, prominent impairments in inhibitory synaptic transmission observed in these mice have led to a conclusion that neuroligins are important for functional maturation rather than initiation of synapses. A possible explanation for these results, as well as for our findings in co-culture systems with GABA A R-HEK293 cell lines that do not express neuroligins (33) , is that different subtypes of GABA A R, via their ECDs, may directly interact with specific isoforms of neurexins, among other presynaptic proteins, as suggested by the in vitro binding assays (32) .
The contrasting evidence for the importance of neuroligins in synapse formation between our studies and previous co-culture studies (29) could be explained by the different combinations of neuronal cell types and postsynaptic GABA A R subtypes tested. Moreover, the high level and consistency of cell surface expression of GABA A Rs in HEK293 cell lines employed in our studies, in contrast to the transiently expressed GABA A Rs in previous studies, may have been crucial for the reliable detection of synaptic contacts. However, in agreement with the other studies (62), our previously published observations have demonstrated that the number of functional contacts was enhanced significantly by concomitant overexpression of NL2 (33) .
In conclusion, the co-culture experiments described here have demonstrated that synaptogenic effects of GABA A Rs depend on their individual subunit composition, with the N-terminal ECDs participating directly in the initiation of contacts between the pre-and postsynaptic elements.
